ABSTRACT. A numerical study is initiated to investigate the feasibility of determining cerebral blood oxygen saturation (StO) noninvasively using optical reflectance ratio of dualwavelength measurements. The light signals are measured on the neck skin surface above the common carotid artery (CCA) and jugular vein (JV), respectively, such that the StO states for both the CCA and JV can be evaluated. A Monte Carlo approach was employed to simulate the light reflectance measurement experiments in a neck tissue model with a submerged CCA/JV blood vessel. Emphasis was placed on investigating the reflectance ratio behavior with respect to the location, size, and hemoglobin concentration of the CCA or JV. The results revealed quantifiable logarithmic relationships between each of the above-mentioned parameters and the StO of the blood vessel. Correlations relating the cerebral blood StO to the reflectance ratio were developed.
INTRODUCTION
Noninvasive and continuous monitoring of blood oxygenation state in the human brain is of paramount importance in the frontier of human space exploration as well as in many clinical applications and biomedical researches. Astronauts in space will typically experience headward fluid shift: a condition where fluid in tissue and blood begins to pool in the upper body due to the microgravity environment. As a result, nerve cells detect this phenomenon as abnormal and begin to reduce body fluid through urination. Within three to five days in space, total water content in body stabilizes at about 2 to 4% below the normal level and plasma volume decreases about 22%. Such acute changes result in a series of compensatory mechanisms and affect the physiology of the blood. They disrupt astronaut's physical and mental ability to perform critical tasks efficiently. Therefore, an ideal noninvasive tool for continuously monitoring blood oxygenation in human brain needs to be developed.
Apart from space use, this monitoring system is also beneficial to patients who suffer from brain trauma. There are basically two phases in brain damage. The primary injuries consist of direct breakdown of fiber tracts, nerve cells and blood vessels that a patient encounters during an accident. However, most fatalities in brain trauma patients are caused by the emergence of the secondary phase, which could occur within minutes or days later after the accident. Damages in the secondary phase are due to the disorientation of body's systemic functions that may include cerebral ischemia, hyperemia, formation of free radicals and excitotoxins, and intercellular accumulation of calcium [1] . These physiological changes would disrupt the normal oxygen consumption in brain tissues, which is clearly reflected in the blood oxygenation changes in CCA and JV. With proper and regular monitoring of patients' brain functions, the mortality rate could certainly be reduced significantly.
There are a few methods currently available to scan for the extent of brain damages before and after surgeries. The most common ones are the magnetic resonance imaging (MRI), computed tomography (CT), intracranial pressure (ICP) and jugular venous catheter monitoring system [2] . The later two methods are invasive. Presently, the MRI and x-ray based CT are the two most effective approaches in diagnosing and determining the extent of head injuries for surgeons to plan for operations. However, these two methods cannot be used as the continuous post-surgery monitoring system due to the associated health risk, radiation overdose, large facility and considerable expense. For example, the effective radiation dose from a single CT scan is estimated to be two millisieverts or equivalent to an average of eight months of background radiation exposure. The ICP monitoring uses a catheter inserted into the head with a pressure-sensing device, which may cause additional brain damage because a tiny hole has to be drilled through the patient's skull. The jugular venuous catheter monitoring system uses optical technology to measure the absorption spectrum of blood in the bulb of internal JV to determine its oxygen saturation state. On the other hand, inserting catheter inside an artery is impossible due to the high systolic pressure. Knowing that the CCA/JV supplies/drains most of the cerebral blood with minimal contamination from extracerebral sources [3], brain's oxygen metabolic demand can be estimated based on the blood flow rate and the StO difference between CCA and internal JV.
The use of optical technology in biomedical field has been studied intensively over the past few decades not only because it is harmless to human, but it also holds the key potential to a variety of functional imaging that can be related to blood absorption spectroscopic measurements. However, characterizing optical measurement through noninvasive means to produce useful information has been known to be a complicated task due to the highly scattering nature of light in biological tissue. Pulse oximetry [4, 5] has been proposed for in vivo measurement of blood oxygenation. In this principle, the transmission intensity of two different wavelength laser-emitting diodes (LED) across a finger or ear lobe are measured. Due to the difference of absorption spectra for oxy-hemoglobin and deoxy-hemoglobin, any given blood oxygenation state would yield a unique intensity ratio between the two wavelengths. The simple Beer-Lambert absorption rule is used for calibration and the blood oxygen saturation state in the finger can be determined through the detected light intensity ratio. Nonetheless, there exist several limitations associated with this method. One of the major limitations comes from the fact that the blood perfusion state in the finger and ear lobe is very low. In addition to that, unaccounted absorption in individual skin pigmentation could render the method less sensitive and less accurate to minute blood oxygenation changes. Currently some researchers [6] [7] [8] are developing noninvasive cerebral hemodynamic measurement tools using two or more near-infrared (NIR) wavelengths. The NIR lasers are incident and detected at multiple positions around the head to resolve for local blood oxygenation based on calibrated absorption intensity. Those methods could provide low spatial and temporal cerebral blood oxygen saturation states, but they have to go through time-consuming inverse optimization process and divergent results may occur.
In this paper, numerical studies are conducted to investigate the viability of real time blood oxygen monitoring in CCA and JV using noninvasive optical reflectance measurement. These two blood vessels are considered because they supply and extract most of the blood to and from our head and can be correlated to characterize the cerebral metabolic rate of oxygen. In addition, they are close to the neck skin surface and large in size. These facilitate the reflectance measurement. The reflected signals will be simulated using a Monte Carlo program in a two-dimensional (2-D) multilayered tissue model that consists of a skin layer, an embedded blood vessel and two surrounding muscle tissue layers. Two wavelengths, at 633nm and 800nm respectively, will be applied and the reflectance ratio between them will be related to the blood's oxygen saturation level. The present investigation focuses on the effects of the CCA or JV blood vessel's location, size, and hemoglobin concentration on the reflectance ratio. These parameters vary from one individual to another. Therefore, they have to be taken into account for accurate determination of blood oxygen saturation level in the CCA and JV.
SIMULATION MODEL
All reflectance results are simulated using a 2-D Monte Carlo (MC) radiative transfer program similar to our previous studies [9] [10] [11] except that the incident laser is now a continuous wave rather than pulsed, and the medium is a multi-layered biological tissue. The scattering path length is governed by a probability distribution, which will defer according to the scattering coefficient of the layer in which the photon bundle lies. Each scattering event is accompanied by energy attenuation computed via the Beer-Lambert law:
where I i and I i+1 denote photon bundle's energy before and after each scattering event, respectively. µ a represents the absorption coefficient of a particular medium in which the photon bundle is traveling while l corresponds to the scattering path length. In the event where a photon bundle traverses from one layer to the next layer, the optical length µ a l will be replaced by µ a1 l 1 +µ a2 l 2 . The subscripts 1 and 2 denote corresponding properties before and after the interface of two adjacent layers. Since both µ a and µ a1 correspond to the absorption coefficient of medium before the scattering event, µ a1 = µ a , and the remainder path length is calculated based on the conservation of optical length given below:
(
The simulation model shown in Fig. 1 consists of a rectangular tissue of 20mm × 20mm with a total of four separate tissue layers. The first skin layer is 1.5mm thick. The second and fourth layers represent the neck muscle tissue while the third layer represents the CCA or internal JV blood vessel. The thickness of the second and fourth layers depends on the specific depth and size of the CCA/JV being investigated. The thickness (diameter) of the blood vessel varies from 3mm to 4mm and the depth, measured from the top skin surface to the middle of the blood vessel varies from 4mm to 7mm. The continuous-wave (CW) laser is incident perpendicularly to the skin at the center location while the signal is detected 7mm away with a 1mm wide detector. Fresnel reflection [12] is considered at skin-air interface. All other three sides are internal boundaries. Therefore, the reflection is set to match the distribution similar to any internal scattering. A total of 10 8 photon bundles were generally used for each simulation and it took about 1 hour to produce the result in a DELL PC with one Pentium 4, 2-GHz CPU.
Optical properties
We define the skin as a combination of epidermis and partial dermis layer that does not contain blood capillaries. Therefore, the skin's optical properties are assumed to be constant throughout the various simulation conducted. The skin's scattering and absorption coefficients at 633nm and 800nm are adopted from Simpson's paper [13] and listed in Table 1 .
Unlike the skin layer, the muscle tissue contains blood capillaries that affect the overall absorption coefficient as different blood oxygen saturation levels are considered in our simulation. The volume fraction of blood capillaries over the muscle tissue is about 1%. Therefore, the change in absorption coefficient of the muscle tissue is calculated based on 1% of the change found in whole blood at different blood oxygenation state relative to 100% StO as follows: 
We assumed that the blood oxygen saturation state only affects the absorption coefficient, thus leaving the reduced scattering coefficient constant. The tissue's scattering and absorption coefficients at 633nm and 800nm assuming 100% StO are adopted from Doornbos's paper [14] and presented in Table 2 . The absorption coefficients were based on average hemoglobin concentration of 15g/dL. In each of the characteristic studies, reflectance results were simulated for blood oxygenation state ranging from 50% to 100% --indicating the normal lower and higher limits of vein and artery oxygen saturation states.
The absorption coefficient of the CCA or internal JV is calculated according to the following expression:
where E is the combined extinction coefficient of oxy-hemoglobin and deoxy-hemoglobin and is a function of wavelength and StO. The values of extinction coefficients were obtained from Prahl's website [15] . Hb represents the hemoglobin concentration in the blood and is set to be 15g/dL. It should be noted that Hb will become a variable in the study that characterizes the influence of hemoglobin concentration on the reflectance. The value 64,500Da refers to the molecular weight of hemoglobin.
Wavelength selection
Our objective is to characterize the change of reflectance ratio between two wavelengths versus the blood oxygenation state of the CCA/JV. Therefore, it is necessary to maximize the change in reflectance ratio for a given unit change in blood oxygenation to increase the sensitivity and accuracy. There are several factors to be considered. First of all, the absorption coefficient in the muscle tissue has to be lower than that in the artery/vein for the two operating wavelengths in order to maximize the dependence of signal change versus the blood oxygenation state inside the artery/vein. Figure 2 shows the absorption coefficient spectra of blood (Hb = 15g/dL) with 50% and 100% blood oxygenation, respectively, as well as the difference between them and the absorption spectrum of muscle tissue. The reference wavelength is chosen at 800nm which is known as the isobestic point, because it is immune to the change in blood oxygenation. Since all optical properties are constant at 800nm, signal uncertainty due to motion artifact can easily be detected and compensated. From Fig. 2 , the sensitivity of the reflectance ratio between the dual wavelengths would increase if the second wavelength could operate at the red region of visible spectrum or lower. However, it is clear that using wavelength in the vicinity of 600nm is not practical because the total attenuation in blood will be so high that few of the photon bundles will be able to travel back to the detector to relay the information gathered from the CCA or internal JV. By running several simulations with the second wavelength varied from 650nm to 600nm, we found an optimal wavelength at 633nm.
Detector position
The detector location also plays an important role in maximizing the reflectance signal's sensitivity. In general, the intensity of the reflected light decreases exponentially as the detector is positioned further away from the laser source [16, 17] except for a very close region where the effect of photon diffusion is less dominant. A detector located in a close vicinity to the laser source would produce strong signal intensities. The drawback is that the signal would be less sensitive to the change of the optical properties at the CCA and JV. On the contrary, a detector located very far away from the laser source would produce very weak signals because of the high density of tissue. In order to determine an ideal location compromising the sensitivity and signal strength, we ran several simulations by varying the location of detector from 3mm to 9mm away from the laser source. The results of reflectance ratios between 633nm and 800nm are presented in Table 3 . The percentage change in reflectance ratio between 50% and 100% blood oxygenation as well as the average reflectance are also included. It is clearly seen that the tendency found in percentage change is the … Figure 2 . The absorption spectra of whole blood and muscle tissue. is the opposite of average reflectance with increasing detector distance. Considering the laser source power range of 1-100mW and sensitivity of most detectors, we have chosen a distance of 7mm between the laser and detector as the ideal location.
RESULTS AND DISCUSSION
There are three characterizations of CCA/JV blood oxygenation measurement being investigated in the following. They are the characterization of reflectance ratio between 633nm and 800nm with the changes in the CCA/JV depth, diameter, and hemoglobin concentration. The influence of these three parameters is studied because they affect the profile of the reflectance ratio vs the StO level. The reflectance ratio is obtained by dividing the reflectance detected at 633nm by the reflectance detected at 800nm.
Depending on the placement of the laser-detector system and individual patients, the depth of the CCA or JV can vary. The variation could affect the overall magnitude of the reflectance ratio for each blood oxygenation states, but might retain the general pattern. Therefore, accurate determination of blood oxygenation state requires the knowledge of the CCA/JV depth and signal profiling. The determination of blood vessel's depth can be achieved with the aid of ultrasound scan. The profiles of the reflectance ratio versus the blood oxygen saturation for various CCA/JV depths are displayed in Fig. 3(a) . The discrete symbol results are from Monte Carlo simulation, while the solid-line results are from correlation (6) we find later in this section. Since the absorption coefficient is lower at 100% StO than at 50% StO for 633nm wavelength, the magnitude of reflectance ratio increases with blood oxygenation. The difference in reflectance ratio between the CCA/JV blood vessel located at 4mm and 7mm deep is much larger at 50% StO than at 100% StO. This phenomenon can be explained from the absorption point of view. As mentioned earlier, the higher the contrast between the absorption coefficients of the blood vessel and background tissue, the higher the sensitivity in detected signals. As such, this observation is consistent with the higher absorption found at lower StO level. The Monte Carlo method used has been well justified in our previous publications [9, 10] . However, it is not needless to verify its uncertainty and accuracy for the present simulation model. As such, Figure 3(b) shows the comparison of the MC simulation results for the case of 5 mm CCA/JV depth with three different photon numbers. It is seen that the three results match with each other very well. As compared with the result from the emission of a large photon number (10 9 ), the average fluctuations of the results from 10 7 and 10 8 photon bundles are 0.331% and 0.216%, respectively.
Another main feature that has to be characterized is the variation of CCA/JV diameter. There are two types of variation. The first one is the diameter variation due to periodic pressure fluctuation of heartbeat. Normal peak pressure would result in the expansion of elastic artery/vein in the range of several tenth of micrometer [18, 19] . Several simulations conducted to investigate the influence of the minute diameter change concluded that it affects no more than one percent of the blood oxygenation change from the average diameter's blood oxygenation. Therefore, we have omitted the contribution of this factor due to its insignificance as compared to other factors. The second type is the variation of diameter due to the deviation along the artery/vein and among different individuals. This type of variation strongly affects the magnitude of the reflectance ratio. Figure 4 shows the reflectance ratio and blood oxygenation relationship for normal artery/vein disparity ranging from 3mm to 4mm. The depth of the blood vessel is fixed at 6mm during the simulations. The larger is the blood vessel size, the smaller is the reflectance ratio. This is because a larger blood vessel volume increases the overall absorption of the tissue. As a result, the reflectance reduces. Compared Figs. 3 and 4 , the difference in reflectance ratio between the extreme diameters is smaller for any given blood oxygen saturation state. This suggests that the reflectance ratio is more sensitive to artery's/vein's depth -more specifically, the distance from the skin to the CCA/JV blood vessel. The high absorption in the finite artery/vein layer permits only a small percentage of photon bundles to successfully penetrate and return with the information beyond the artery/vein layer. Thus, it is reasonable to simulate the measurement with a tissue model of 20 mm in overall depth.
Besides the physical variation in CCA and JV, the concentration of hemoglobin in blood also affects the reflectance ratio strongly. The absorption chromophores of oxy-and deoxy-hemoglobin in the visible spectrum are significant and have to be taken into account when determining the blood oxygenation level. Figure 5 shows the profiles of reflectance ratio versus blood oxygenation for hemoglobin concentration ranging from 11g/dL to 19g/dL. The results are for the case where CCA/JV depth and diameter equal to 6mm and 3mm, respectively. The absorption coefficient in the blood is proportional to the concentration of hemoglobin. Consequently, the percentage change in absorption coefficient per unit change in hemoglobin concentration is higher for 100% StO than for 50% StO due to its lower absolute absorption coefficient (see Fig. 2 ). That is why the change in the reflectance ratio against the Hb concentration is larger for higher StO levels. This trend is of reverse order as compared to the previous two figures.
The plots found in Figs. 3-5 can be best fitted with exponential functions in the form below:
where Rr is the measured reflectance ratio, and A, B and C are three expressions that are functions of the variable -the parameter of interest, either CCA/JV depth, diameter, or hemoglobin concentration. a, b, c, d , e, f, and g are constants and can be obtained from the best fitting technique. Since we are interested in noninvasive determination of blood oxygenation state inside the CCA and JV, the relationship in Eq. (5) can be rearranged such that Rr is the measurable quantity. Finally, we obtain the following correlation expression:
Since there were three independent parameters, we got three correlations, respectively for the CCA/JV depth and diameter, and Hb concentration. The values of the constants for the three correlations are listed in Table 4 . Statistical analysis revealed that the coefficients of correlations are Table 4 The constants for the correlations. 
CONCLUSION
We proposed to determine and monitor cerebral blood oxygenation saturation noninvasively using dual-wavelength optical reflectance measurement at the common carotid artery and jugular vein. The blood oxygen saturation level is uniquely related to the reflectance ratio between the two wavelengths. The CCA/JV depth and diameter, and Hb concentration are found to affect strongly the values of the reflectance ratio for any given blood StO level, but only affect slightly the general pattern for the profiles of blood StO versus reflectance ratio. Correlated relationships between the reflectance ratio and the StO are obtained, respectively for individual variable parameters of either CCA/JV depth or diameter, or Hb concentration. The values of the constants for the correlations are obtained through the best fitting technique and the coefficients of the correlations are very close to unity. This study reveals that the cerebral blood StO may be continuously and easily monitored by the proposed method.
